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The paradigm shift in dye sensitized solar cells (DSCs) - towards donor- it bridge-acceptor (D-ir-A) dyes - 
increases the performances of DSCs and challenges established design principles. Framed by this shifting 
landscape, a series of four diketopyrrolopyrrole (DPP)-based sensitizers utilizing the donor-chromophore- 
anchor (D-C-A) motif were investigated computationally, spectroscopically, and fabricated by systematic 
evaluation of finished photovoltaic cells. In all cases, the [Co(bpy) 3 ] 3+/2+ redox-shuttle afforded superior 
performance compared to I 3 ~/I~. Aesthetically, careful molecular engineering of the DPP chromophore 
yielded the first example of a high-performance blue DSC - a challenge unmet since the inception of this 
photovoltaic technology: DPP17 yields over 10% power conversion efficiency (PCE) with the 
[Co(bpy) 3 ] 3+/2+ electrolyte at full AM 1.5 G simulated sun light. 

Dye-sensitized solar cells (DSCs) are an attractive alternative energy source, with the potential for high- 
efficiency and low-cost power production 1,2 . Choosing the appropriate nanostructured metal oxide (most 
commonly Ti0 2 ), sensitizer, and redox shuttle offers control over aesthetic properties such as transpar- 
ency and colour, as well as performance properties such as the attainable output voltage and current density 3 . One 
of the most critical components within a DSC is the sensitizer, as this constituent not only determines the light- 
harvesting properties of the DSC, but it also mediates the interaction between the redox shuttle and the Ti0 2 4,5 . 
State of the art DSCs now rely on the donor-7i-bridge-acceptor (D-7I-A) motif and have recently achieved greater 
than 10% power conversion efficiency (PCE) 610 . However, only the zinc-porphyrin (ZnP) 6,8 and ruthenium 
classes of sensitizers 1112 consistently achieve greater than 10% PCE, limiting synthetic versatility and industrial 
compatibility. However, one exceptional example was reported by utilizing the cyclopentadithiophene-bridged 
donor-acceptor dye (Y123) and the [Co(bpy-pz) 2 ] 3+/2+ redox shuttle to yield an incredible open circuit voltage 
(Vo C ) of over 1,000 mV and a 10.08% PCE 10 . By looking to industrial pigment technology, we have started to 
develop the synthetically/industrially accessible, low-bandgap chromophore diketopyrrolopyrrole (DPP) for 
DSC applications. 

Herein, we describe the design and synthesis of high-performance, blue-coloured DPP-based sensitizers. In 
addition to PCE, the aesthetic properties of solar cells are critical for public acceptance, particularly for indoor 
applications. There exist very few blue sensitizers, and none possess high efficiency. For instance, squaraine 
sensitizers yield blue coloured devices, but the PCEs achieved are below 5.5%, owing to their narrow absorption in 
the red/near-infrared (NIR) region and low open circuit voltage (y DC ) 13-18 ; enhanced PCEs of around 7% have 
been achieved through additional absorption in the high energy region below 550 nm 19,20 . Furthermore, absorp- 
tion beyond 700 nm is not straightforwardly achieved utilizing the typical, D-Tt-A, metal-free organic sensitizer 
embodiment. 

The DPP moiety has enjoyed widespread use in materials technology, from car-paint pigments 21 to 
polymer and small molecule organic photovoltaics 22,23 . However, DPP-based sensitizers have thus far exhibited 
limited use in DSCs 24 29 . This may be due to an incomplete understanding of how to molecularly engineer this 
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promising chromophore into a suitable DSC sensitizer, utilizing the 
donor-chromophore-anchor (D-C-A) motif. Towards elucidating 
the potential of DPP in DSC devices, we recently completed two 
structure-property relationship studies: the first examined the sym- 
metric thienyl-DPP (ThDPP) core 30 and the second exposed the 
benefits of an asymmetric phenyl-DPP-thienyl (PhDPPTh) core 31 . 
We discovered that the asymmetric DPP core (DPP07) enhanced 
device performance, despite a loss in absorption breadth compared 
the symmetrical analogue. Indeed, the maximum absorbance of 
DPP07 was —80 nm blue-shifted compared to the symmetric 
DPP03 sensitizer. Nevertheless, DPP07 yielded 7.8% PCE compared 
to the 4.9% PCE achieved by DPP03. In order to improve upon 
the DPP07 design, here we attempt to recover the red light response 
by further engineering the bridge conjugation and modulating 
the donor group; this structure-property relationship was investi- 
gated in the context of both I 3 ~/I~ and Co[(bpy) 3 ] 3+/2+ -based 
electrolyte devices. By rational design, DPP17 yields the first example 
of a high-performance blue DSC, over 10% PCE, with the 
[Co(bpy) 3 ] 3+/2+ electrolyte at full AM 1.5 G simulated sun light - a 
challenge unmet since the inception of this photovoltaic technology. 
Spectroscopic, electrochemical, and quantum chemical investi- 
gations of these sensitizers were undertaken to understand how 
structural modifications to the DPP chromophore affect the colour 
and performance properties of finished DSC devices. 

Results 

Compared to the phenylcyanoacrylic acid anchor of DPP07 31 , here 
the furanylcyanoacrylic acid anchor is employed for all the sensitizers, 
aiming to increase the influence of the cyanoacrylic acid acceptor 
group. To further maximize the donor-acceptor effect on the DPP 
chromophore, the electron donating amine was installed on the thio- 
phene unit of the asymmetric PhDPPTh structure, ensuring planarity 
and facile electronic communication to the relatively electron defi- 
cient bicyclic double lactam core. The standard p-hexyloxytriphenyl 



amine donor was employed as well as indoline-based donors with 
varying steric bulk. When implementing the cobalt redox shuttle, 
suppressing counter-productive charge carrier recombination 
between the electrolyte and the Ti0 2 surface is critical to realizing 
maximum device performance; bulky alkoxy moieties have recentiy 
been shown to alleviate this loss mechanism 4,5 . Here, we employ 
indoline donors with increasing alkoxy bulk, from DPP14 to 
DPP15 to DPP17 (see molecular structures in Figure la). 

The optical and electrochemical properties of all dyes are sum- 
marized in Table 1. Replacing the anchoring phenyl ring of DPP07 
with the furan ring of DPP 13 provides a —20 nm red-shift in the 
charge-transfer (CT) light absorption band in combination with 
increased intensity of the CT band compared to the higher energy 
band. Additionally, a bathochromic shift of the higher energy band is 
observed as shown in Figure lb, as discussed with the computational 
results below. By employing strongly electron donating indoline 
groups in DPP 14, DPP 15, and DPP17 a further -10 nm red-shift 
in the low-energy excitation compared to DPP13 was observed. It is 
worth noting that the slightly extended conjugation of the indoline 
donor on DPP17 drives the high-energy absorption into the visible 
region, —15 nm red-shifted compared to DPP14 and DPP15, and 
dramatically increases the molar extinction coefficient in this region 
up to —65,000 M -1 cm -1 . This red-shifted high-energy absorption 
peak increases the light harvesting efficiency overall, leading to 
enhanced photocurrent. Importantly, all these DPP sensitizers 
absorb 400 nm light, while exhibiting relatively less absorption in 
the 450-500 nm range, manifesting the observed blue colour. 

Given that density functional theory (DFT) has become a powerful 
tool for the materials chemist 32 , we set out to further understand the 
molecular properties of this series with DFT-based quantum chem- 
ical calculations. Structurally similar compounds, Pechmann dyes, 
were recently investigated computationally 33 , and some of the func- 
tionals and basis sets that were determined to be the best for that 
study were adopted here. Particularly, an extensive study concerning 




Figure 1 | Molecular structures and optical properties, (a) Molecular structures of the investigated sensitizers, (b) All UV-Vis spectra DPP07 (orange), 
DPP 13 (black), DPP14 (blue), DPP15 (green), and DPP17 (red) measured in THF (-2 X 1(T 5 M). 
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Table 1 | Opt ical and electrochemical properties of dyes. a Absorbances of the dyes with ~2 X 1 0 5 M concentration in THF solution. b The 
ground-state oxidation potential of the dyes was measured under the following conditions: electrolyte, 0.1 M tetra-n-butylammonium 
hexafluorophosphate in dimethylformamide; electrode, Platinum counter and reference electrodes were used with a glassy carbon 
working electrode. Potentials measured vs. Fc + /Fc were converted to NHE by addition of +0.69 V 39 . c Optical transition energy, 
estimated from the onset of the absorption. d Excited-state oxidation potential energies vs. NHE estimated from the ground-state oxidation 
potential (Eo x ), by subtracting the bandgap [E g ° p ') 



Dye e (M _1 cm -1 ) [Abs max (nm)] a E, s+ /s] (V) b E ( s-/s> (V) b Eg° p '(eV) c E| S+ /s*] (V) d 



DPP13 30,300 (377)/55,700 (587) 0.99 -0.98 1.85 -0.86 

DPP14 31,200 (380)/57, 100 (596) 0.94 -0.98 1.81 -0.87 

DPP15 38,800 (374)/62,400 (600) 0.94 -0.96 1.80 -0.86 

DPP17 67,000(393)/69,000(602) 0.98 -0.99 1.80 -0.82 



a b 




Figure 2 | TD-DFT calculation result of DPP07 and DPP13. The calculated absorption spectra for (a) DPP07 and (b) DPP13, showing the electronic 
transitions that make up the spectrum. A contour plot of the transition density difference (pSi — pSo), where blue symbolizes the positive (hole) 
contribution while gold represents (negative) electron contribution, of the lowest energy excitation for DPP07 (c) and DPP13 (d), and of the 4 lh lowest 
energy excitation for DPP07 (e) and DPP 13 (f). 



SCIENTIFIC REPORTS | 3 : 2446 | DOI: 1 0. 1 038/srep02446 



3 



the relative percentage Hartree-Fock component in the time depend- 
ent (TD)-DFT analysis was performed, and the BMK 34 functional 
was found to be optimal. This was confirmed by us to be true for the 
DPP class of compounds (see SI). 

The ground state geometry was optimized with the M06 35 func- 
tional and 6-31 G* basis set with a methylene chloride SMD 36 solvent 
model. The TD-DFT was performed on these optimized geometries 
with the BMK functional and the DGDZVP 37 ' 38 basis set to provide 
the first ten lowest energy excited states. For all dyes, representative 
HOMO and LUMO orbitals, as well as experimental and calculated 
UV-Vis spectra are presented in Figures S2 and S3. The charge- 
transfer absorption band is modelled extremely accurately, while 
the higher energy absorption band is slightly blue-shifted and slightly 
lower in intensity than established empirically. This is likely an out- 
come of the inability to perfectly match the correct functional (and 
corresponding Hartree-Fock percentage) for both excitation transi- 
tions. However, the model does still accurately predict the reduced 
intensity and bathochromic shift of the higher energy response into 
the visible for DPP13 compared to our benchmark sensitizer DPP07. 
Analysing the difference density for this excitation, the 4 th lowest 
energy transition, indicates that the planarity of the furan ring with 
the DPP bridge is what lowers this excitation energy; increased elec- 
tron-hole delocalisation in this high energy excitation indicates that 
the electron withdrawing cyanoacrylic acid is more effectively con- 
jugated with the rest of the molecule (see Figure 2e and 2f). 
Additionally, the HOMO and LUMO pictures clearly evince vec- 
torial electron motion, from the donor to the acceptor, across the 
chromophoric DPP bridge (Figure S3). 

Electrochemical features were characterized with differential pulse 
voltammetry measurements. The ground-state oxidation potentials 
(£(s+/s>) were determined to be 0.25-0.30 V vs. Fc + /Fc, correspond- 
ing to 0.94-0.99 V vs. normal hydrogen electrode (NHE). Given the 
HOMO-LUMO bandgap (E^ pl ) taken from the onset of the absor- 
bance, 1.80 ~ 1.85 eV, the corresponding excited-state oxidation 
potentials (E(s+/s*)) are calculated to be —0.82 ~ —0.87 V vs. 
NHE (see all details in Table 1). This provides ample thermodynamic 
driving force for both electron injection into Ti0 2 , and reduction of 
the dye cation by the redox shuttle I 3 ~/I~ or [Co(bpy) 3 ] 3+/2+ . 



All sensitizers were tested in DSCs with both the I 3 ~/I~ (coded 
EL_I) and the cobalt tris-bipyridyl complex [Co(bpy) 3 ] 3+/2+ (coded 
EL_Co) electrolytes. The devices employing [Co(bpy) 3 ] 3+/2+ elec- 
trolyte outperformed I 3 ~/I~ based devices, as higher open circuit 
voltage (V oc ) and fill factor (FF) provided significant performance 
enhancement (Table 2). The devices employing EL_I generated 
short circuit current densities of 16-17 mA cm -1 and overall 
PCEs greater than 7% (see output characteristics in Table 2 and 
Figure 3). Importantly, the enhanced absorption properties of 
DPP13 compared to the benchmark sensitizer DPP07 were 
reflected in the incident photon-to-electron conversion efficiency 
(IPCE), leading to the higher current and confirming the utility of 
the furanylcyanoacrylic acid anchor (see Figure 3). The IPCEs of 
DPP14 and 15 exceeded 60% over most of visible light region from 
400 to 700 nm, with a maximum of —80% at around 570 nm - the 
lowest values being between 400-500 nm. Gratifyingly, DPP 17 
exhibited better performance in this region, while maintaining a 
vivid blue colour. Overall, the best PCE for the EL_I was obtained 
with DPP14 at 7.73%. The DPP17 achieved over 10% PCE, fol- 
lowed by DPP15 (9.81%), DPP13 (8.97%), DPP07 (8.69%), and 
DPP14 (8.23%). Enhanced photocurrent led to a higher PCE for 
DPP13 compared to DPP07, despite of a small loss in V oc . 
Implementing the smallest indoline-based donor in DPP 14 yielded 
a PCE of 8.23%, which was mainly due to a loss in the V ac compared 
to DPP07 and DPP13. 

The utility of the 2,4-bisalkoxybiphenyl moiety on the donor of 
typical D-tt-A organic dyes has proven effective towards realizing 
high V oc with the cobalt-based redox shuttle 4-5 . We envisaged the 
same effect applies for the donor-c/iromopftore-anchor (D-C-A) 
DPP dyes and the indoline-based donor. Accordingly, the two dyes 
with bulky N-substituted indolines (DPP15 and DPP17) provided 
enhanced V oc over DPP 14. The photocurrents for DPP 15 and 
DPP17 devices, astonishingly, increased to almost 18 mA cm -2 
and these increases were reflected in the IPCEs (Figure 3). All 
IPCEs of DPP dyes exceeded 60% over most of the visible light region 
from 400 to 700 nm, with a maximum of over 70% at around 
570 nm. Gratifyingly, DPP 17 exhibited the best performance over 
the whole visible light region with a maximum of 86% also at 570 nm. 
DPP 1 7 is the highest performing blue coloured dye, to the best of our 
knowledge (see colours of all dyes in THF and on a ~3 urn trans- 
parent Ti0 2 film in Figure 4), and the aesthetic advantages of a blue 
sensitizer are much more attractive with such strong performance. 
Notably, DPP17 achieved over 9% PCE on only ~3.2 urn thick 
transparent Ti0 2 films, allowing for the development of blue, 
semi-transparent solar cells for building Integration PV applications. 

The fill factor values in cobalt-based devices also showed pro- 
nounced improvement compared to EL_I-based devices. While Pt 
is known as the best electrolyte regeneration catalyst for the I 3 "/I~ 
based electrolyte, a carbonaceous type catalyst as used in this study is 
generally known to outperform Pt in the cobalt redox system, owing 
to the low charge transfer resistance particularly for the cobalt 40-42 . 
However, the fill factor in DPP dyes based devices with the EL_I 
electrolyte were relatively low with the Pt counter electrode due to 
the occurrence of an s-shaped IV curve, which was most pronounced 
in the DPP 17 device. To clarify the origin of the difference in the fill 
factor, we first performed transient absorption spectroscopy (TAS) at 
open circuit condition and electrochemical impedance spectroscopy 
(EIS) measurements obtained at different bias voltage under dark 
and illumination for the DPP 17 device. 

The regeneration rates estimated from TAS are 95% for DPP17 
(see Figure S4): In inert solvent, acetonitrileivaleronitrile, the oxidized 
dye possesses a lifetime of t rec = 208 lis; upon addition of electrolyte, 
regeneration of the oxidized dye by the redox shuttle is observed with 
the monoexponential time constant t reg = 11 (.is (EL_Co), yielding 
95% regeneration efficiency, assuming first order kinetic laws for 
charge recombination and dye regeneration reactions 43 . A slightiy 



Table 2 | Comparison of photovoltaic characteristics of DSCs sen- 
sitized by DPP07, DPP1 3, DPP1 4, DPP1 5, and DPP1 7 as electro- 
lyte. A double layer consisting of a ~3.5 um transparent film 
composed of nanocrystalline anatase particles and a ~4 um scat- 
tering layer (of 400 nm, CCIC, Japan) was employed for all devices 

except DPP07 taken from a previous study 31 . EL 1 (iodine based 

electrolyte) contains 0.6 M 1 ,3-dimethylimidazolium iodide, 
0.03 M I2, 0.05 M Lil, 0.05 M guanidinium thiocyanate, and 
0.25 M4-terf-butylpyridine in 15/85 (v/v) mixture ofvaleronitrile 
and acetonitrile. EL_Co (cobalt tris-bpy based electrolyte) con- 
tains 0.22 M Co(ll), 0.05 M Co(lll), 0.1 M LiCI0 4 , and 0.2 M 
4-ferf-butylpyridine in acetonitrile 



Dye 


Redox 


J sc (mA cm 2 ) 


VoclrnV) 


FF 


PCE (%) 


DPP07 


EL |M 


15.6 


680 


0.73 


7.67 




EL Co 


15.1 


766 


0.76 


8.79 


DPP13 


EL 1 


16.2 


705 


0.67 


7.60 




EL Co 


15.6 


743 


0.78 


8.97 


DPP14 


EL 1 


16.6 


680 


0.68 


7.73 




EL Co 


15.2 


716 


0.76 


8.23 


DPP15 


EL 1 


16.9 


684 


0.65 


7.44 




EL Co 


17.6 


745 


0.75 


9.81 


DPP17 


EL 1 


16.3 


700 


0.63 


7.13 




EL Co 


17.9 


761 


0.74 


10.1 



(a) Data taken from reference 31 
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Figure 3 | Photovoltaic performance DPP dye-sensitized solar cells with EL_I and EL_Co electrolyte, (a, b) IV characteristics and IPCEs of DPP07 
(orange lines), DPP13 (black lines), DPP14 (blue lines), DPP15 (green lines), and DPP17 (red lines) sensitized solar cells with EL_I. (c, d) IV 
characteristics and IPCEs of DPP07 (orange line), DPP13 (black line), DPP14 (blue line), DPP15 (green line), and DPP17 (red line) sensitized solar cells 
with EL_Co. All detailed performances as a function of light intensity are described in Table SI. 



lower lifetime of the oxidized dye can be observed in the case of the 
EL_I. 

The EIS analysis is presented in the Figure 5. First, we examined 
the real part of the Warburg diffusion resistance (REiectrotyte)* the 
counter electrode resistance (Rce)> an d the contact and substrate 
resistance (R s ), which determines the total series resistance 
= R s + R CE + Rmectroiyte) (see Figure 5a). It is noted that 
the series resistances in both types of devices show similar values and 
tendencies. The resistance R s in case of the cobalt based device shows 
a lower value probably due to the gold on top of the FTO, reducing 
the sheet resistance of this electrode. A low FF is generally ascribed to 
high sheet resistance and/or a high series resistance 44-45 , however, 
neither is significantly impacted by the different electrolyte or cata- 
lyst. It is therefore obvious that the series resistance of the EL_I based 
devices is not the cause of the low fill factor. Figure 5b shows the 
charge recombination and transport resistance as well as the chem- 
ical capacitance of the Ti0 2 . The recombination resistance at the 



Ti0 2 /electrolyte interface under illumination shows a reduction 
from about 400 mV forward bias on. It is interesting to observe 
the unusually low recombination resistance in the EL_I redox system 
compared to other iodine based DSCs and how it increases again 
from about 600 mV on to 700 mV (after which it drops again). To 
better understand the evolution of the electron lifetime (x e = R CT * 
Cchem) and electron transport time (T trans = R tram * C c/l( , m ) with 
raising Fermi level, we plotted T e and T trans against the same charge 
density inside the Ti0 2 (Figure 5c); similar DOS should imply similar 
E F of the Ti0 2 . An unusual rise in T e is clearly observed at higher E F , 
DOS = 1.5 X 10 19 cm~ 3 for the devices made with EL_I electrolyte, 
while the T tr ans's are almost identical in the range of error in both 
electrolyte systems (which circumstantiates the usage of the DOS as 
indirect measure of the E F ). This is an unexpected behaviour espe- 
cially in comparison with the evolution of the electron lifetime with 
other organic dye/cobalt electrolyte systems 10 (see Figure S5) and led 
clearly to the loss in fill factor. From the EIS measurements it seems 
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a 




b 



Figure 4 | Colour of DPP07, 13, 14, 15, and 17 (from left to right). 

(a) DPP dyes are dissolved in THF solution (0.025 mM) and (b) DPP dyes 
are adsorbed on 3 fim thick Ti0 2 film. 

that the electron lifetime increases as soon as sufficient dark current 
is channelled over the mesoporous Ti0 2 . To elucidate the origin of 
this result, more in-depth studies will be necessary which extend 
beyond the scope of this rapid communication. 

Discussion 

We increased the red light response of asymmetric DPP dyes by 
judicious engineering of the sensitizer molecular structure. 
Replacing the phenylcyanoacrylic acid of DPP07 with the furanyl- 
cyanoacrylic acid anchor of DPP13 is confirmed to enhance absorp- 
tion properties and the incident photon-to-electron conversion 



efficiency. By employing strongly electron donating indoline groups 
in DPP14, DPP15, and DPP17 a further -10 nm red-shift in the 
low-energy absorption band compared to DPP13 was achieved and 
in particular the slightly extended conjugation of the indoline donor 
on DPP17 drove the high-energy absorption into the visible region. 
These sensitizers provided the highest performance for DPP-based 
sensitizers, to date. Maximum power conversion efficiencies of 8- 
10% were achieved with the cobalt redox system, in particular over 
9% for DPP 15 and greater than 10% for DPP 17. Incorporating 2,4- 
bishexyloxybiphenyl steric bulk on the donors of DPP 15 and DPP 17 
provided enhanced V oc and PCE for these sensitizers compared to 
DPP14. In fact, DPP 15 and DPP17 firmly establish DPP-based dyes 
as one of the highest classes of organic dyes known in DSCs. 
Moreover, all dyes show an aesthetically pleasing blue colour both 
in solution and on the Ti0 2 film. Future rational design for the DPP 
dye should be towards increasing output voltage, leading to further 
increased power conversion efficiency. 

Methods 

Synthetic Methods and Materials. All detailed synthetic procedures are described in 
SI. 

DSC fabrication. DSCs were prepared using a previously reported procedure 30,31 . In 
brief, the Ti0 2 transparent electrodes composed of —20 nm anatase resulting in 
— 30 nm pore on fluorine doped thin oxide (FTO, 4 mm thickness, 10 ohms/sq, 
Nippon Sheet Glass, Japan) conducting glass were controlled to get a desired 
thickness, e.g. —3.5 um. A4 — 5 urn scattering layer (400 nm, CCIC, HPW-400) was 
printed on the top of the transparent layer to increase light path length by scattering. 
The Ti0 2 electrodes were immersed into a 0.025 mM solution of a dye with 1.25 mM 
(DPP07, DPP13) or 2.5 mM (DPP14, 15, 17) of 3a,7a-dihydroxy-5|3-cholic acid 
(chenodeoxycholic acid) in 4- fert-butanol/acetonitrile mixture (1:1 v/v) and kept for 
15 h at room temperature. Two electrolyte were applied: EL_I (iodine based 
electrolyte contains 0.6 M 1,3-dimethylimidazolium iodide, 0.03 M I 2 , 0.05 M Lil, 
0.05 M guanidinium thiocyanate, and 0.25 M 4-feri-butylpyridine in 15/85 (v/v) 
mixture of valeronitrile and acetonitrile) and EL_Co (cobalt tris-bpy based electrolyte 
contains 0.22 M Co(II), 0.05 M Co(III), 0.1 M LiC10 4 , and 0.2 M 4-tert- 
butylpyridine in acetonitrile). As for the counter electrode, a platinized counter 
electrode and carbonaceous catalyst FTO (TEC 15 ohms/sq, Pilkington) were used 
for EL_I and EL_Co electrolyte system, respectively. The carbonaceous typed catalyst 
has been in general known to perform better than Pt owing to the low charge transfer 
resistance particularly for the cobalt redox system 40 " 42 . The dye-adsorbed Ti0 2 
electrode and the counter electrode were assembled into a sealed sandwich type cell 
with a gap of a hot-melt ionomer film, Surlyn (25 um, Du-Pont). 

DSC characterization. A 450 W xenon light source (Oriel, USA) was used to 
characterize the solar cells. The spectral output of the lamp was matched in the region 
of 350-750 nm with the aid of a Schott K113 Tempax sunlight filter (Prazisions Glas 
& Optik GmbH, Germany) so as to reduce the mismatch between the simulated and 
true solar spectra to less than 4%. The current-voltage characteristics of the cell under 



a b c 




Potential (V) Potential (V) DOS (cm" 3 ) 



Figure 5 | EIS result of DPP17 device, (a) The contact and substrate resistance (R s , closed circles), the charge transfer resistance at counter electrode 
(i? C£ , open squares), the Warburg diffusion resistance (R.Eiectroiyte> dotted line with open circles), the total series resistance (RAU.seriesi dash dotted line with 
closed triangles) of EL_I (black lines) and EL_Co (red lines) systems, (b) Charge transport resistance, (R tmns > open circles), recombination resistance, 
(R rea closed circles), and chemical capacitance of the Ti0 2 , (Cchem> closed squares with dashed line) of EL_I (black lines) and EL_Co (red lines) 
based device under illumination of ~1 sun by LED plotted against the IR drop corrected potential, (c) Electron lifetime (r e , solid) and transport time 
(x trans , dotted line) plotted against the DOS. 
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these conditions were obtained by applying external potential bias to the cell and 
measuring the generated photocurrent with a Keithley model 2400 digital source 
meter (Keithley, USA). For IPCE measurement, a modulated light intensity data 
acquisition system was used to control the Incident Photon-to-Current conversion 
Efficiency (IPCE) measurement. The modulation frequency was about 1 Hz. Light 
from a 300 W Xenon lamp (ILC Technology, USA) was focused through a computer 
controlled Gemini- 180 double monochromator (Jobin Yvon Ltd., UK) onto the 
photovoltaic cell under test. A white light bias was used to bring the total light 
intensity on the device under test closer to operating conditions. The devices were 
masked with a black metal aperture to attain an illuminated active area of 0.2 cm 2 . 
Photovoltage transients were observed by using a pump pulse generated by 4 red light 
emitting diodes controlled by a fast solid-state switch with a white light bias. The pulse 
of red light with widths of 50 ms was incident on the photoanode side of the cell, and 
its intensity was controlled to keep a suitably low level to generate the exponential 
voltage decay where the charge recombination rate constants are obtained directly 
from the exponential decay rate 46 . A white bias light, also incident on the same side of 
the device, was supplied by white diodes. Small perturbation transient photocurrent 
measurements were performed in a similar manner to the open-circuit voltage decay 
measurement. 

Transient absorbance spectroscopy. An optical parametric oscillator (OPO, GWU- 
350) is pumped by a Continuum Powerlite 7030 frequency-tripled Q-switched 
Nd:YAG laser (X = 355 nm, 20 Hz repetition rate). The output of the OPO (5 ns 
FWHM) is tuned at 600 nm. The beam fluence is kept low, typically below 50 (J.J cm -2 
at the sample, especially for recombination dynamics. This corresponds to the 
injection of less than an electron per nanoparticle, on average. A Xenon arc lamp, 
filtered through a monochromator and various filters, constitutes the probe beam. It 
is focused onto the sample and then collected in a second monochromator at 800 nm 
and detected by a fast photomultiplier tube (R9110, Hamamatsu) supplied with 
— 750 V. The induced transient voltage signal is then recorded with an oscilloscope 
(Tektronix). Typical acquisition requires averaging of 1000 laser shots to obtain 
satisfactory signal to noise ratio and a Savitsky-Golay filter to smooth the data. 

Electrochemical impedance spectroscopy. Electrochemical impedance spectroscopy 
(EIS) was performed by a Bio-Logic SP300 (France) in a frequency range between 
7 MHz and 0.1 Hz for forward bias potentials between 0 to V oc (with a 10 mV 
sinusoidal AC perturbation) in 50 mV steps. The resulting impedance spectra were 
analysed with ZView software (Scribner Associate Inc) on the basis of the two- 
channel transmission line model 47 . If results of the EIS are plotted against IR drop 
corrected potential this is mentioned in the figure caption. 
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